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Abstract: This study investigates the potential of installing an integrated solar powered Organic
Rankine Cycle (ORC) with electric energy storage (EES) to provide clean energy to commercial
buildings in different climate zones in the US. Reducing the primary energy consumption (PEC),
lowering the carbon dioxide emissions (CDE) and increasing the operational cost savings are
primary objectives. Firstly, a large office building for eight US climates is studied. The EES is
sized to store all the electricity generated by the system. Secondly, the system is studied for sixteen
different commercial buildings, in the best climate zone, by considering two operational strategies.
Finally, the influence of variable expander efficiency on the system performance is investigated.
Results indicate that Phoenix is the best location in the US, among the evaluated locations, to
install the ORC-EES. The model for the full-service restaurant shows higher savings and more
electricity supply percentage than the other buildings. The model under the variable expander
efficiency lowers the yearly PEC by 1.6% and CDE and operational cost savings both by 11%.
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CHAPTER I
INTRODUCTION

While fossil fuels like coal, natural gas, and oil are still used to provide a majority of current
electricity demand all over the world, these conventional energy sources are facing numerous
issues such as increasing costs, security anxieties about import dependence, and growing
environmental concerns. Due to the challenges mentioned above, governments, industries, and
consumers highly support the application of novel technologies and alternative energy sources for
electricity production.
In recent years, Organic Rankine Cycles (ORC) have been considered as a promising
technology for power generation. ORC systems employ organic, high molecular mass fluids
instead of water as the working fluid. The working fluid undergoes a liquid-vapor phase change
process at a lower temperature compared to the water vapor Rankine cycle. Because organic fluids
have low evaporating temperatures, the ORC is able to utilize low- and medium-temperature heat
sources to generate electricity. Therefore, they can be implemented in a variety of applications
such as geothermal systems [1,2], waste heat recovery systems [3–5], and solar thermal systems
[6–8] to generate a certain amount of electricity. Small size components, simple operation, and
installation are some of the other advantages of ORC.
Researchers have conducted multiple studies on ORC systems. Mago et al. [9] proposed
an integrated combined heat and power and organic Rankine cycle (CHP-ORC) system to achieve
1

savings in energy consumption, greenhouse gas emissions, and operational cost for small
commercial buildings. In their study, a vapor compression system was used to satisfy the cooling
demand. Results showed that reductions of 26.1%, 26.5%, and 25.9% were achieved for energy
consumption, emission, and cost, respectively. Ruiqi et al. [10] in their study compared the
performance of conventional ORC and thermal driven pump (TDP) ORC. They proved that under
most of the working conditions, thermal driven pump ORC has higher performance. The
comparison between the overall system outputs, energy efficiency, exergy destruction and exergy
efficiency also demonstrated the superior performance of TDP-ORC over conventional ORC.
Georges et al. [11] designed a small-scale ORC solar power plant and investigated the basis of
simulation strategies to define control criteria that needed to be applied to larger systems. They
designed a system with two coupled expanders, an air condenser and multi-diaphragm pump. They
showed that by installing higher temperature collectors, thermal efficiency can be improved by
11%.
Choosing the appropriate working fluid is important for the optimization of ORC
performance. Organic fluids that can be used are categorized into three groups, dry, wet, and
isentropic fluids. In low grade energy sources, wet fluids that have sharp slope saturated vapor in
the T-s diagram, show better performance [12]. In a study by Saleh et al. [13] the potential working
fluid’s thermodynamic aspects that can work with ORC cycles were considered. Also, safety,
environmental phenomenon and chemical stability of working fluids had been discussed briefly.
They used BACKONE equation for their analyzes and results showed in the case of closed cycles
with reheated working fluid, as solar collectors, it is required to consider dry fluids like R236ea,
R245ca, R245fa, R600, R600a, R601a, RE134 and RE245 because these fluids have high thermal
efficiency, low volumetric flow rate and low expander outlet to inlet flow ratio. In another study,
2

Rayegan et al. [14] developed a procedure to evaluate the performance of a solar Rankine cycle
under employment of different working fluids. They considered 117 organic fluids and proposed
a procedure based on temperature-entropy diagram, net power generated, and exergy efficiency of
the cycle to compare them. Their results shown that, to reduce the solar ORC’s irreversibility, it is
necessary to improve the collector efficiency and using the regenerative ORC rather than the basic
cycle. They expressed that with increasing the collector efficiency from 70% to 100%,
irreversibility improved 35% and exergy efficiency increased 5%. Furthermore, their study showed
the dependency of regeneration on exergy efficiency to fluid type, while increasing the collector
efficiency can improve the exergy efficiency independent of the type of working fluid. Spayde et
al. [15] presented an economic investigation on regenerative solar powered ORC in two locations:
Tucson, AZ and Jackson, MS. They analyzed the system performance in terms of capital cost,
primary energy consumption and carbon dioxide emission. Also, they investigated the effect of
expander efficiency on performance of the model. Their results showed that with some working
fluids R-ORC can produce more energy than basic ORC and the Tucson R-ORC system was more
efficient than the model studied in Jackson. Furthermore, their analysis showed that the higher
exergy destruction rate occurs in the solar collector and expander, respectively. Desai et al. [16]
took thermal efficiency as an indicator to optimize the ORC process design. They found that dry
fluids are the optimum working fluids for ORC systems, as the state of the working fluid at the
outlet’s expander is superheated vapor which provides higher thermal efficiency. Sarkar [17]
proposed a generalized pinch point method to optimize the energy and economic performance of
an ORC system. Results indicated that the pinch point temperature difference and the isentropic
efficiency of the expander had a dramatic influence on the system performance. After optimization,
a heat recovery efficiency of 11.1% could be achieved. In a study by Hassoun et al. [18] the
3

multigeneration ORC based system was developed to supply the net zero energy building’s
electricity, hot water and cooling, in Lebanon. They optimized the power system along with the
thermodynamic analysis to improve the overall performance of the model. Their results showed
that the exergy analysis is more accurate than the energy analysis.
In addition to studies on ORC itself, many researchers have started to implement ORC in
solar thermal systems, as solar energy is a renewable energy source and becomes a potential
alternative which addresses part of the issues caused by fossil fuel. The advantages of solar power
over other forms of electricity include lower pollution and more flexibility in terms of locations.
Freeman et al. [19] integrated non-concentrating solar collectors with thermal energy storage to
examine its performance for domestic solar combined heat and power in United Kingdom (UK)
and Cyprus. They showed that, having a compatible range of operating temperatures for thermal
energy storage and solar collector is required to have higher efficiency. They tried different syntax
of phase change materials and simulated the overall performance of system for those two locations.
Their results indicated that a bigger storage size is needed in UK. It was also shown that, the flat
plate collectors have double efficiency compare with evacuated tube heat pipe collectors.
Chowdhury et al. [20], reviewed the solar energy role in power generation and cooling
systems. They discussed line-focused concentrated solar power combined with ORCs. Antonelli
et al. [21] coupled dynamic analysis on solar power plants with ORC to provide a smoother
electricity production. Similarly, Nishith et al. [16] considered thermodynamic efficiency for
optimizing the ORC process design. They found that dry fluids are the most preferred working
medium for ORC systems, as the state point after the expansion in the expander lies in the
superheated vapor region and provides a higher thermal efficiency. Cong et al. [22] developed a
model to study the feasibility of installing the solar powered ORC with demand of less than 10
4

MW. They discussed the effects of expander inlet temperature and pressure and the ORC’s T-s
diagram. Both their working fluids showed a positive saturated vapor line gradient which improved
system efficiency when comparing with water as the working fluid in conventional Rankine cycles.
It was also shown that efficiency and work of the system is a quadratic function of pressure. Spayde
et al. [23] presented a model to evaluate the performance of solar-powered ORC using five
different dry fluids. They investigated effects of hourly temperature change on electricity
production and determined the influence of the working fluid on proposed system. They found that
R236ea has the best performance among the evaluated fluids.
Ustaoglu et al. [24] applied a compound parabolic concentrator to a regenerative ORC and
analyzed the system performance. Simulation results showed that an optimum overall system
efficiency of 16.7% could be achieved. Cioccolanti et al. [25] performed a parametric analysis of
a solar ORC trigeneration system using TRNSYS. In their model, a storage tank was applied to
store the thermal energy produced by solar collectors and then supplied to the ORC. Results
indicated that the operating temperature range of the storage tank had a significant effect on the
overall system performance. Thawonngamyingsakul et al. [26] used a solar ORC with evacuatedtube collectors to investigate the potential of the system for generating electricity in Thailand. They
studied the effects of evaporator temperature on annual electricity production. It was shown that
the annual electricity production was increased by increasing evaporating temperature up to 105o
C. Further increase in evaporating temperature leads to reducing the electricity production.
Electric energy storage (EES), as a critical element, can increase the benefits of using solar
energy dramatically. Depending on how it is put into practice, it can cover a larger portion of the
end-user demands, enhance the average efficiencies, reduce the size of system as well as the system
cost [27]. Despite extensive studies on solar-powered ORC, investigations on the influence of the
5

climate zones on the performance of a solar-powered ORC are still limited. In this study, the
performance of a solar-based ORC system integrated with an electric energy storage (EES) device
is analyzed. The proposed ORC-EES system is used to generate and provide electricity to the
commercial buildings [28] located in different US climate zones. In the model proposed in this
study, all electrical energy produced by the solar ORC is stored in the EES system before providing
it to the building. The ORC system modeled in chapter II is based on Spayde’s previous work
[29]. The operational strategy of the ORC-EES system is designed as follows: the ORC charges
the EES device when the solar irradiation is adequate to power the ORC, and the building
consumes the electric energy stored by the EES device when the irradiation is not sufficient for
power generation. The proposed study investigates the effect of different climates in the US on the
primary energy consumption (PEC), carbon dioxide emissions (CDE), and operational cost savings
compared to a conventional system. In addition, the effect of the battery size and the number of
solar collectors on the system performance are also investigated.
In chapter III, a model is developed for all reference commercial buildings in the best
location based on chapter II outcomes. To investigate the model, it is decided to study two cases.
First, it is assumed to supply 10% of each building electricity requirement by ORC-EES. Then in
the second case, the assumption is changed to fully discharge the battery each day. In chapter IV,
using the results from previous chapter, the building that benefits the most from ORC system, is
selected. Then a system with variable expander efficiency is analyzed and compared with the same
system having a fixed efficiency.

6

CHAPTER II
PERFORMANCE ANALYSIS OF A SOLAR POWERED ORGANIC RANKINE CYCLE
WITH ENERGY STORAGE FOR LARGE OFFICE IN DIFFERENT
U.S. CLIMATE ZONES

2.1

Introduction
The solar-powered organic Rankine cycle (ORC) is considered a promising technology and

has the potential to provide clean electric energy. Extensive studies on the design of ORC systems
have been conducted and reported in the literature. However, few studies have presented the
influence of climate zones on the performance of a solar-powered ORC, especially for an
integrated ORC and energy storage system. This chapter presents an analysis to determine the
performance of solar-powered ORCs with electric energy storage (EES) systems to supply
electricity to buildings in different climate zones in the United States. The building type evaluated
in this chapter is a large office, and the energy consumption of the facility in each climate location
was determined using EnergyPlus [30]. The ORC-EES operational strategy used in this
investigation is described as follows: when solar irradiation is adequate to produce power, the ORC
charges the EES. Then, when there is no solar energy available, the EES provides power to the
building. The ORC-EES is evaluated based on the potential to reduce the operational cost, the
primary energy consumption, and the carbon dioxide emissions. Furthermore, the influence of the

7

number of solar collectors and the EES size on the performance of the ORC-EES system is
investigated.
2.2

System Model
In this chapter a solar-powered ORC, using a dry fluid, is coupled with an EES device to

provide electricity for a building. When there is enough irradiation, the ORC will charge the EES
and when the radiation is insufficient to generate electricity, the EES will discharge to provide
power to the facility.
The size of the ORC system is determined by the electricity demand of the commercial
building and the amount of available solar irradiation at each location. The ORC system was
simulated for a year to select the size of the EES system which was based on the maximum hourly
electric generation of the ORC. EnergyPlus [30] is used to determine the electricity requirement
of the building. After calculating the PEC, CDE and operational cost for the ORC-EES, the results
were compared with the conventional operational strategy for a building in which the electricity
required is purchased from the utility grid. Figure 2.1 shows a schematic of the ORC-EES
evaluated in this chapter.
The working fluid is pressurized to a high-pressure state by the pump. Then the working
fluid enters the flat plate solar collector and absorbs the heat from the solar radiation. The heated
working fluid then enters the expander and generates electricity which is stored in the EES system.
Subsequently, the working fluid exits the expander and enters the condenser to reject heat to the
coolant. Finally, the working fluid enters the pump again and starts another cycle. It is notable that
the power generated by the ORC is stored in the EES device until the solar irradiation is insufficient
to produce any power. From then on, the EES system starts discharging and providing electricity
to the building.
8

Figure 2.1

2.2.2

Organic Rankine cycle with electric energy storage.

Pump (Process 1–2)
The pump work can be evaluated as follows:
𝑊̇𝑝,𝑖 =

𝑊̇𝑝𝑠,𝑖 ṁ𝑖 (ℎ1 − ℎ2𝑠 )
=
= ṁ𝑖 (ℎ1 − ℎ2 )
𝜂𝑝
𝜂𝑝

(2.1)

where 𝑊̇𝑝𝑠,𝑖 is the ideal power consumed by the pump, 𝜂𝑝 is the pump efficiency, 𝑚𝑖 is the mass
flow rate of the working fluid per hour, h1, h2s, and h2 are the enthalpies of the working fluid for
the pump inlet, the isentropic pump outlet, and the actual pump outlet, respectively.
2.2.3

Solar Collector (Process 2–3)
The flat plate solar collector is used to replace the evaporator in conventional ORC systems.

The solar collector process is considered isobaric, through which heat is absorbed by the working
fluid before entering the expander. The mass flow rate of the working fluid is determined as:

9

ṁ𝑖 =

𝑄̇ 𝑖𝑛,𝑖
(ℎ3 − ℎ2 )

(2.2)

where 𝑄̇ 𝑖𝑛,𝑖 is the heat transfer rate to the working fluid; h3 is the enthalpy of the working fluid at
the outlet of the solar collector. Note that this analysis assumed that State 3 was a saturated vapor
at the evaporating pressure.
The hourly heat transfer rate of the solar collector can be expressed as:
𝑄̇ 𝑖𝑛,𝑖 = 𝜂𝑠𝑜𝑙𝑎𝑟,𝑖 𝐼𝑖 𝐴

(2.3)

where 𝐼𝑖 is the solar irradiation, and A is the area of solar collector.
The solar collector efficiency, 𝜂𝑠𝑜𝑙𝑎𝑟,𝑖 , is estimated by:

𝜂𝑠𝑜𝑙𝑎𝑟,𝑖 = 𝑦𝑖𝑛𝑡 − 𝑚(

𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏,𝑖
)
𝐼𝑖

(2.4)

𝑦𝑖𝑛𝑡 = Ϝ𝑅 𝜏⍺

(2.5)

𝑚 = Ϝ𝑅 𝑈𝐿

(2.6)

where 𝑦𝑖𝑛𝑡 is the y-intercept, m is the slope, 𝑇𝑖𝑛 is the working fluid temperature at the inlet of the
solar collector, Ϝ𝑅 is the factor that represents the collector heat removal, ⍺ is the absorptivity of
the absorber plate, 𝜏 is the glass cover plate’s transmissivity, the losses due to radiation and
conduction are considered as UL, and 𝑇𝑎𝑚𝑏,𝑖 is the hourly ambient temperature based on Typical
Meteorological Year weather data version 3 (TMY3) [31]. The y-intercept and slope values in this
study are set to 0.760 and 6.125 W/(m2C), respectively [32].
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The hourly irradiation values can be calculated based on the following equation:
1 + cos Σ𝑖
1 − cos Σ𝑖
) + 𝐼𝑡𝐻,𝑖𝜌 (
)
𝐼𝑡,𝑖 = 𝐼𝐷𝑁,𝑖 cos 𝜃 + 𝐼𝑑ℎ,𝑖 (
2
2

(2.7)

where 𝐼𝑡,𝑖 is the total radiation per hour; 𝐼𝐷𝑁,𝑖 , 𝐼𝑑ℎ,𝑖 , and 𝐼𝑡𝐻,𝑖 are the hourly direct normal
irradiation, hourly diffuse horizontal irradiation, and hourly total horizontal irradiation,
respectively. 𝜃 is the incidence angle, Σ𝑖 indicates the surface tilt angle per hour, and ρ is the
ground reflectance. Among these parameters, 𝐼𝐷𝑁,𝑖 , 𝐼𝑑ℎ,𝑖 , and 𝐼𝑡𝐻,𝑖 can be obtained from the TMY3
data [31]. The value of ground reflectance is set to 0.2 according to literature [33]. The incidence
angle and surface tilt angle depend on the configuration of solar collectors. In this work, a twoaxis tracking solar collector model allowing maximum solar irradiation absorption was used,
which indicates that the incidence angle is 0. The surface tilt angle of a two-axis tracking system
can be determined by:
Σ𝑖 = 90 − 𝛽𝑖

(2.8)

where 𝛽𝑖 shows the hourly solar altitude, and is obtained according to Ref. [33]:
𝛽𝑖 = sin−1 (cos 𝐿 cos 𝛿 cos 𝐻 + sin 𝐿 sin 𝛿)

(2.9)

where 𝛿 is declination, 𝐿 is latitude, and 𝐻 is the hour angle. Declination can be determined by
[34]:
𝛿 = 23.45 sin(360

284 + 𝑛
)
365

where n is the day of the year.
2.2.4

Expander (Process 3–4)
The power output of the expander can be expressed as:
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(2.10)

𝑊̇ 𝑡,𝑖 = 𝜂𝑡 𝑊̇ 𝑡𝑠,𝑖 = 𝜂𝑡 𝑚̇ 𝑖 (ℎ3 − ℎ4𝑠 ) = 𝑚̇ 𝑖 (ℎ3 − ℎ4 )

(2.11)

where 𝜂𝑡 is the expander isentropic efficiency. 𝑊̇ 𝑡𝑠,𝑖 is the hourly ideal power output of the
expander, and ℎ4𝑠 and ℎ4 are the enthalpies of the working fluid at the outlet of the expander for
the ideal and actual process, respectively.
2.2.5

Condenser (Process 4–1)
The hourly ORC heat rejection in the condenser is calculated as:
𝑄̇ 𝑜𝑢𝑡,𝑖 = 𝑚̇ 𝑖 (ℎ1 − ℎ4 )

2.2.6

(2.12)

Electric Energy Storage (EES) Operation:
The charging of the EES device (battery) depends on the power provided by the solar ORC,

while discharging the EES device depends on the power demand of the building. The EES system
was charged when the solar irradiation was sufficient for the ORC to generate electricity and when
the irradiation is insufficient to drive the ORC, which was primarily at night, the EES started
discharging. This operating strategy may be used for a back-up system to provide electricity in the
case of a building outage. The EES device charges and discharges are estimated as follows:
𝐸̇𝑏𝑎𝑡,𝑖 = 𝐸̇𝑏𝑎𝑡,𝑖−1 − 𝐸̇𝑏,𝑖 ,

𝐸̇ 𝑏𝑎𝑡,𝑖 = 0 ,

𝑊̇𝑂𝑅𝐶,𝑖 = 0

𝑊̇ 𝑂𝑅𝐶,𝑖 = 0

𝑎𝑛𝑑

𝐸̇𝑏𝑎𝑡,𝑖 = 𝐸̇𝑏𝑎𝑡,𝑖−1 + 𝑊̇ 𝑂𝑅𝐶,𝑖 ∙ 𝜉𝑏𝑎𝑡 ,

𝑎𝑛𝑑

𝐸̇𝑏𝑎𝑡,𝑖−1 > 0

𝐸̇ 𝑏𝑎𝑡,𝑖−1 = 0

𝑊̇ 𝑂𝑅𝐶,𝑖 > 0

(2.13)

(2.14)

(2.15)

where 𝐸̇𝑏𝑎𝑡,𝑖 and 𝐸̇𝑏𝑎𝑡,𝑖−1 are the instantaneous battery capacity for the current and the previous
hour, respectively. 𝐸̇𝑏,𝑖 is the current electricity demand of the building, 𝑊̇𝑂𝑅𝐶,𝑖 is the ORC net
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power generation at the current hour, and 𝜉𝑏𝑎𝑡 is the battery efficiency factor that considers losses
when the battery is charging and discharging.
The net power generated by the ORC system is calculated as:
𝑊̇ 𝑂𝑅𝐶,𝑖 = 𝑊̇ 𝑡,𝑖 − 𝑊̇ 𝑝,𝑖
2.2.7

(2.16)

Primary Energy Consumption (PEC) Savings
PEC savings are the amount of energy that can be saved when using electricity generated

and stored by ORC-EES system instead of importing electricity from the grid. In this study, the
effect of different climates in the US on the PEC was investigated. The PEC savings can be
expressed as:
𝑃𝐸𝐶𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝑃𝐸𝐶𝑐𝑜𝑛𝑣 − 𝑃𝐸𝐶𝑂𝑅𝐶−𝐸𝐸𝑆 = 𝐸𝑏𝑎𝑡,𝑑𝑖𝑠 × 𝐸𝐶𝐹𝑃𝐸𝐶 − 𝐸𝑏𝑎𝑡,𝑑𝑖𝑠 × 𝑆𝐶𝐹𝑃𝐸𝐶

(2.17)

where 𝑃𝐸𝐶𝑐𝑜𝑛𝑣 and 𝑃𝐸𝐶𝑂𝑅𝐶−𝐸𝐸𝑆 are the primary energy consumption of the conventional power
generation system and the primary energy consumption of the ORC-EES system respectively.
𝐸𝑏𝑎𝑡,𝑑𝑖𝑠 is the amount of electricity discharged from the battery, 𝐸𝐶𝐹𝑃𝐸𝐶 is the site to primary
conversion factor for grid electricity [35], [36], and 𝑆𝐶𝐹𝑃𝐸𝐶 is the site to primary conversion factor
for electricity generated by the onsite solar system which equals to 1 [37].
2.2.8

Carbon Dioxide Emission (CDE) Savings
CDE can also be reduced by using electricity generated on site instead of purchasing

electricity from the grid. CDE savings can be calculated by Equation 2.18:
𝐶𝐷𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐶𝐷𝐸𝑐𝑜𝑛𝑣 − 𝐶𝐷𝐸𝑂𝑅𝐶−𝐸𝐸𝑆 = 𝐸𝑏𝑎𝑡,𝑑𝑖𝑠 × 𝐸𝐶𝐹𝐶𝐷𝐸

(2.18)

where 𝐶𝐷𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 indicates the carbon dioxide emission savings, 𝐶𝐷𝐸𝑐𝑜𝑛𝑣 is the carbon dioxide
emissions for the conventional system, 𝐶𝐷𝐸𝑂𝑅𝐶−𝐸𝐸𝑆 is the carbon dioxide emissions for the ORC13

EES, which equals to zero since solar energy is considered as a clean source, and last term, 𝐸𝐶𝐹𝐶𝐷𝐸
is the CDE conversion factor for grid electricity which depends on the location [38].
2.2.9

Operational Cost Savings
By using electricity generated on site instead of purchasing electricity from the grid,

operational cost saving could be achieved, that is, the reduction of electricity cost. The operational
cost savings are estimated as:
𝐶𝑜𝑠𝑡𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐸𝑏𝑎𝑡,𝑑𝑖𝑠 × 𝐶𝑜𝑠𝑡𝑒

(2.19)

where 𝐶𝑜𝑠𝑡𝑒 is the cost of electricity in each location. CDE conversion factors and the cost of
electricity [39] for each location are shown inTable 2.1.
Table 2.1

CDE conversion factor and electricity cost for each of the selected locations

Location

CDE Conversion factor, ECFCDE [38]
(kg/kWh)

Electricity cost [39]
($/kWh)

Arizona
California
Colorado
Florida
Nevada
Tennessee
Texas
Maryland

0.473
0.239
0.620
0.459
0.295
0.295
0.458
0.343

0.0971
0.1524
0.0901
0.0958
0.0771
0.1052
0.0804
0.0986

2.3

Building and Locations
U.S. Department of Energy (DOE) has developed 16 commercial building models that can

be used as reference buildings to provide energy consumption profiles [40]. In this chapter, the
building type large office was selected. The floor area of the large office is 46,320 m2, with 12
floors. The roof area is about 3860 m2. The model presented in Section 2 was simulated for the
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selected building located in 8 different cities in the U.S. The locations are presented in Figure 2.2,
and location information including climate zones are summarized in Table 2.2.
Table 2.2

Location, Geographical, and Climate Specifications

Location

State

Latitude Longitude

Phoenix
Los- Angeles
Gunnison
Miami
Reno
Memphis
Dallas
Baltimore

AZ
CA
CO
FL
NV
TN
TX
MD

33.45
33.933
38.533
25.817
39.483
35.067
32.683
39.167

Figure 2.2

-111.983
-118.4
-106.933
-80.3
-119.767
-89.983
-96.867
-76.683

Elevation
(m)

Climate
Zone

Condition

337
30
2339
11
1342
81
201
45

2B
3B
7B
1A
5B
3A
3A
4A

Hot - Dry
Warm - Dry
Very cold - Dry
Tropical Hot - Dry
Cool - Dry
Warm - Humid
Warm - Humid
Mixed - Humid

Selected locations for this investigation.
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As an example, Phoenix is one of the locations with a higher amount of irradiation. In
Figure 2.3, hourly irradiation for the first day of June in Phoenix is presented. During the time of
day that irradiation is available, the ORC generated electricity and stored it in EES, and then it will
be used through the hours when irradiation is low.

Figure 2.3

2.4

June 1st total irradiation in Phoenix, AZ.

Results and Discussion
The size of the solar collector area was chosen based on the electricity requirement of

building. In this study a total solar collector area of 2594 m2 was used. According to information
from Alternate Energy Technology, 702 solar collectors were used with single solar collector area
of 3.69 m2 to evaluate the model presented in this chapter [41].
The selected organic working fluid in this investigation was R236ea, since it was shown
by Spayde et al. [23] that it provides good ORC performance. Values of model parameters and
factors are given in Table 2.3. For the results presented in this chapter, weather data for each zone
16

were used in the EnergyPlus simulations, to determine the electricity requirements of the evaluated
building.
In the ORC system, the evaporating pressure (P2 and P3 in Figure 2.1) is a crucial factor
that has a significant influence on the system performance. Therefore, the influence of the
evaporating pressure on the system performance was investigated.
Table 2.3

Model parameters and factors

Parameter

value

Isentropic efficiency of expander, ηt

0.8

Isentropic efficiency of pump, ηp

0.8

Site-to-primary conversion factor for grid electricity, ECFPEC [36] (kWh/kWh)

3.06

Site-to-primary conversion factor for electricity (solar), SCFPEC [42] (kWh/kWh)
Battery efficiency factor, ξbat [43]

1
0.95

Taking Phoenix as an example, Figure 2.4 illustrates the influence of the evaporating
pressure on the average mass flow rate of the working fluid (R236ea) for the ORC system. Note
that the average mass flow rate is on an hourly basis over one year (8,760 hours in total). As can
be seen in Figure 2.4, the average mass flow rate decreases with the increase of the evaporating
pressure. From the mass flow rate perspective, a higher evaporating pressure is preferable since
less working fluid is required.
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Figure 2.4

The influence of evaporating pressure on average mass flow rate of working fluid.

The effect of the evaporating pressure on annual net work output and EES supply ratio is
shown in Figure 2.5. In this figure, the EES supply ratio is the ratio of electricity from the battery
(EES) to the building electricity demand. By comparing Figure 2.4 and Figure 2.5, it is interesting
that even though the average mass flow rate of working fluid decreases as the evaporating pressure
increases from 1 MPa to 2 MPa, the net work output increases with the evaporating pressure,
resulting in the EES supply ratio grows from around 6.7% to 9%. As indicated by Figure 2.4 and
Figure 2.5, increasing the evaporating pressure could improve the output of ORC while reducing
the mass flow rate of the working fluid. Thus, an evaporating pressure of 2 MPa was adopted for
the simulations in each location.
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Figure 2.5

Influence of evaporating pressure on annual net-work and battery discharge ratio.

The EES size is varied based on the location and weather data as shown in Table 2.4.
Results show that a bigger EES is required for Reno and Phoenix. The amount of solar collector
heat transfer is higher for these two locations, and the ORC can generate more power. Therefore,
a battery with more capacity to store all the electricity generated by the system is needed. The
battery is sized base on the maximum hourly value of the electricity generated during the year.
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Table 2.4

ORC rated power and EES Size requirement for each location.

Cities
Los- Angeles
Reno
Memphis
Gunnison
Baltimore
Phoenix
Miami
Dallas

ORC rated power (kW)

EES Size (kWh)

280
305
277
296
282
318
280
292

2340.1
3345.3
2580.8
2877.0
2629.5
3234.7
2340.0
2792.1

The annual building electricity requirement and the portion of electricity that the building
in each location consumes from the EES are summarized in Table 2.5. As shown in the table, in
Phoenix almost 9% of the total electricity of the large office building is supplied by the ORC,
while in Baltimore this portion is 5.11%. In addition, the electricity requirements of the building
in each location are considerably different. Miami is the city with the highest amount of electricity
demand, Dallas following it with the second highest electricity demand. Considering the climate
zone shown in Table 2.2, it can be concluded that buildings in hot areas have higher electricity
requirements than those in cooler areas. This is due to the high cooling requirement during the
summer in hot climates.
Since ORC-EES produces electricity from solar energy, there is opportunity for PEC
savings compared to electricity purchased from grid. The annual PEC savings percentage for the
different locations are available in Figure 2.6. Results indicate that the ORC-EES provides PEC
savings for all the selected locations for the large office building. The city that presents the most
savings is Phoenix (6%), while Baltimore is the city with the least savings (3%).
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Table 2.5

Annual building electricity requirement and ORC portion.
Building electricity load
(kWh)

ORC supply (kWh)

ORC supply ratio
(%)

Los- Angeles

6722151

449789.63

6.69

Reno

6318156

531854.64

8.42

Memphis

7150819

420023.23

5.87

Gunnison

6030194

499077.10

8.28

Baltimore

7037543

359775.75

5.11

Phoenix

7559016

679506.82

8.99

Miami

8432530

449827.66

5.33

Dallas

7872187

499067.47

6.34

Cities

Figure 2.6

Annual PEC savings percentage in each location.

The ORC-EES also has the potential to reduce the CDE, since the solar-powered ORC is
considered as clean electricity generation and has zero CDE. Figure 2.7 illustrates the annual CDE
savings percentage for all the locations. Similar to the PEC, using the ORC-EES provides CDE
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savings for all the selected locations for the large office building. The city that presents the most
CDE savings is Phoenix (9%), while Baltimore is the city with the least savings (5%).

Figure 2.7

Annual CDE savings percentage in each location.

Figure 2.8 illustrates the annual operational cost savings percentage for all the locations.
The results are like those presented in Figure 2.7 for CDE. The city that presents the most CDE
savings is Phoenix (9%), while Baltimore is the city with the least savings (5%). Total annual
saving for Phoenix and Baltimore are 65,980 ($/year) and 35,474 ($/year), respectively.
Monthly PEC savings for all locations are presented in Figure 2.9. As can be seen in this
figure, Phoenix shows continuous savings during the whole year. Reno has comparable savings in
August and July, but in winter, its savings reduces dramatically. Baltimore is the place with the
least amount of PEC savings during the whole year. The highest PEC saving in each location are
achieved in June or July.
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Figure 2.8

Figure 2.9

Annual cost savings percentage in each location.

Monthly PEC savings in different locations.
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Figure 2.10Figure 2.10 presents monthly CDE savings for all locations. As shown in this
figure, CDE savings for Gunnison from March to September are higher than other locations, but
in winter, savings decreased.

On the other hand, Phoenix shows consistent CDE savings

throughout the year. Los Angles CDE savings are the lowest during the whole year due to the
lowest CDE conversion factor in CA, which means grid electricity generation is relatively “clean”.

Figure 2.10

Monthly CDE savings in different locations.

In addition, monthly CDE savings percentage for each location are shown in Figure
2.11Figure 2.11. As can be seen, monthly CDE savings percentage for Reno was highest in July.
The maximum for Gunnison occurs in June, and for Phoenix is in May. Miami is the city with the
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lowest CDE savings percentage, less than 7%, while Reno has the maximum savings, which is
about 13%.

Figure 2.11

Monthly CDE savings percentage for each location.

The results shown above indicate that Phoenix is the city that benefits the most with the
implementation of the ORC-EES. Therefore, Phoenix is used to illustrate the monthly savings from
the ORC-EES in terms of PEC, CDE, and operational cost. The results are shown in Figure 2.12,
Figure 2.13, and Figure 2.14, for the monthly PEC, CDE, and operational cost savings,
respectively. These figures indicate that the ORC-EES system provides savings throughout the
year for all the evaluated parameters. Also, more benefits are achieved during the summer months
than during the winter months.
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Figure 2.12

Monthly PEC savings for Phoenix.

Figure 2.13

Monthly CDE savings for Phoenix.

The PEC, CDE, and cost savings will increase when the number of solar collectors
increases. Figure 2.15 presents the savings percentage that can be achieved by increasing the
number of solar collectors for Phoenix. Annual PEC savings of 2,799,568 kWh, CDE savings of
643,314 kg and operational cost savings of 169,061 $/year will be available when the ORC-EES
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is sized with 1404 solar collectors. With this number of solar collectors, an EES capacity of
25607.2 kWh would be needed to store the electricity generated by the ORC. However, despite
increasing the number of solar collectors which results in increasing PEC, CDE and operational
cost savings, a complete economic analysis still must be performed to determine the feasibility of
the system for a particular location.

Figure 2.14

Monthly cost savings for Phoenix.
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Figure 2.15
2.5

PEC, CDE and Cost savings percentage after increasing number of solar collectors
in Phoenix.

Conclusion
In this chapter, the performance of a solar-powered ORC-EES system used to provide

electricity to a large office building in eight different locations in the U.S was analyzed. The ORCEES used R-236ea as the working fluid and charged a battery while there is enough irradiation and
then used the energy through the hours when there is no irradiation. Based on the results, the
following conclusions can be drawn:
1. The evaporating pressure had a significant influence on the ORC performance. As the
evaporating pressure increases, the net work of the solar ORC system increases while reducing
the average mass flow rate of the working fluid.
2. The ORC-EES provided considerable annual PEC, CDE, and operational cost savings for
all the evaluated locations. Phoenix showed the highest percentages of PEC, CDE and cost
savings, while Baltimore showed the least savings.
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3. The size of the battery used to store the electricity generated differs for all the locations.
Based on the results, the battery size requirement in Los-Angeles and Miami is relatively
smaller than that in Reno and Phoenix.
4. The effect of the number of solar collectors was also investigated. Results showed that
multiplying the number of collectors by two, increased the PEC, CDE and cost saving
percentages by almost two as well.
5. Results indicated that the ORC-EES provides more benefits from April to August. This
information could be used by engineers and building operators while designing and operating
their system/building.
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CHAPTER III
ENERGETIC, ECONOMIC AND ENVIRONMENTAL INVESTIGATION ON
PERFORMANCE OF ORC-EES SYSTEM WORKING FOR
ALL BUILDING TYPES IN PHOENIX, AZ.

3.1

Introduction
The performance of the ORC system in different types of buildings in the same location

was investigated in this chapter. Based on the results presented in Chapter II, Phoenix was the
location among the U.S. climates in which the ORC system provides better performance.
Therefore, Phoenix was selected to evaluate the ORC efficiency, for different type of buildings. In
this chapter, the potential of the ORC-EES to reduce the operation cost, primary energy
consumption and carbon dioxide emission was investigated for the sixteen commercial building
types developed by the Department of Energy (DOE)[28]. The electricity demand for each
building was calculated using EnergyPlus [30].
3.2

System Model
TMY3 [31] weather data were used to calculate the total irradiation for Phoenix, AZ that

was used in the models. Using AE-40 series solar collectors, the hourly heat transfer rate was
calculated during the year. The condensation temperature and the highest pressure in the ORC
system were selected as 30oC and 2 MPa, respectively. The available heat from the solar collector
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varies by the time of the day. This makes the mass flow rate of the organic working fluid as well
as the efficiency of both pump and expander change. However, in this chapter the efficiencies of
the pump and the expander were assumed constant. The system was evaluated for two different
scenarios: (1) only 10% of each building electricity requirement is supplied by ORC-EES and (2)
system sized based on its nightly demand to be fully discharged each day and prevent the battery
from overcharging. All the thermodynamics properties of R236ea have been extracted from NIST
database [44].
Table 3.1 presents the annual electricity requirement for all the buildings studied in this
chapter. A large office with 7,559 MWh followed by a hospital with 7,202 MWh are the two
buildings with the highest electricity requirements meanwhile a small office only need 82 MWh.
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Table 3.1

Annual buildings electricity requirement.

Building types

Annual electricity requirement (MWh)

Large office

7559.02

Large hotel

2151.34

Full-service restaurant

367.01

Hospital

7202.39

Small office

82.09

Midrise apartment

307.33

Secondary school

3202.90

Small hotel

687.60

Medium office

804.64

Primary school

1084.87

Strip mall

349.91

Supermarket

1824.83

Stand–alone retail

405.12

Quick-service restaurant

216.64

Warehouse

300.44

Outpatient health care

1487.26

3.3
3.3.1

Results and Discussion
Scenario 1
In this section, it is assumed that the ORC-EES supplied a portion of the electricity

requirements for all buildings. The number of solar collectors were selected in such a way that, the
system only provides 10% of the building’s electricity requirement. Table 3.2 shows the number
of solar collectors, the electricity supplied by the EES system, and the electricity supplied by the
grid. The highest efficiency of the solar collector was achieved in May 17 (45.8%).
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Table 3.2

Electricity supplied by the battery and the grid, the number of solar collectors and
the ratio of the collectors area to the roof area for each of the evaluated buildings.
EES
supplied
electricity
(MWh)

Grid
supplied
electricity
(MWh)

Number of
solar
collectors

Total
collector
area
(m2)

Ratio of
collector
to roof
area (%)

Large office

774.37

6784.65

800

2957

76.6

Large hotel

221.66

1929.68

229

846

44.8

Full-service restaurant

36.78

330.23

38

140

27.5

Hospital

725.97

6476.42

750

2772

61.8

Small office

8.71

73.38

9

33

6.5

Midrise apartment

31.94

275.38

33

122

15.6

Secondary school

329.11

2873.80

340

1257

12.8

Small hotel

70.66

616.94

73

270

26.9

Medium office

81.31

723.33

84

310

18.7

Primary school

112.28

972.58

116

429

6.2

Strip mall

35.81

314.10

37

137

6.5

Super-market

183.91

1640.92

190

702

16.8

Stand–alone retail

41.62

363.50

43

159

6.9

Quick-service restaurant

22.26

194.37

23

85

36.6

Warehouse

30.97

269.47

32

118

2.4

Outpatient health care

152.94

1334.33

158

584

46.1

Building types

Primary Energy Consumption (PEC) savings for the months of June and December are
plotted for all the buildings in Figure 3.1. Although the PEC saving values for June and December
are different, they represent a similar trend. A large office, a hospital and a secondary school have
the most PEC savings, respectively. However, these buildings have the top three electricity
requirements and, more solar collectors are required. For all the buildings, the maximum PEC
savings is achieved in the June, except for the stand-alone retail where its maximum PEC saving
occurs in August. Minimum savings for the buildings were obtained in December.
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Figure 3.1

PEC savings in June and December for all buildings, Phoenix, AZ.

In Figure 3.2 Monthly PEC savings percentage is illustrated for all the buildings. The PEC
savings is changing from 3% for the small hotel in December to 9.32% for warehouse in April. It
is interesting that, the maximum PEC savings percentage for the small hotel is equal to the
minimum savings percentage for the midrise apartment. There is a consistent pattern for all
buildings, where that the saving increases from January to June, reduces for July and August and
again increases for the month of September and then decreases to the end of year. These results
are reasonable because Phoenix is in a hot climate zone, and its electricity requirement is increased
in summer. In some summer months, a reduction in the PEC saving percentage is observed. This
is mainly because of increasing the building’s electricity demand.
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Figure 3.2

Monthly PEC savings percentage for all buildings.

Carbon dioxide emission savings for all sixteen buildings have the same pattern as PEC.
In Figure 3.3 monthly CDE savings for three of the buildings with the most CDE savings are
presented. A large office and a hospital, two buildings with the most electric demands, have the
maximum CDE savings. For all buildings, maximum savings occur in June except for the
standalone retail where maximum CDE savings is achievable in August. Monthly CDE savings
for buildings with lower savings are plotted in Figure 3.4. Maximum CDE savings for a small
office which occurs in June is lower than minimum saving for quick service restaurant and
warehouse in December.
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Figure 3.3

Monthly CDE Savings for three buildings with maximum savings.

Based on the assumption that only 10% of the electricity is supplied from ORC- EES, the
battery size that would be required for each building was calculated. Table 3.3 presents the EES
size required to store electricity during the day and discharge at night. The large office followed
by hospital and stand-alone retail need the maximum battery size among all the buildings. These
building’s electricity demands are high and as a result they need bigger battery sizes. The small
office has the minimum electricity demand and needs the smallest battery size.

36

Figure 3.4

Monthly CDE savings for three buildings with minimum savings.
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Table 3.3

EES Size required for all buildings.

Buildings

EES Size (MWh)

Large office

3.686

Hospital

3.456

Stand–alone retail

1.943

Secondary school

1.624

Large hotel

1.055

Supermarket

0.876

Outpatient health care

0.728

Table 3.3. (continued)
Primary school

0.535

Medium office

0.392

Small hotel

0.336

Strip mall

0.313

Full-service restaurant

0.175

Midrise apartment

0.152

Warehouse

0.151

Quick-service restaurant

0.106

Small office

0.042

Annual PEC savings for all the buildings are presented in Figure 3.5. The results show that
in buildings with higher electricity demand, installing the ORC provides more PEC saving than
low demand buildings.
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Figure 3.5

Annual PEC Savings for all buildings.

Annual PEC savings percentage is plotted in Figure 3.6. This data was calculated based on
the annual PEC saving with installing the model compared with the building PEC without the
ORC-EES. According to the data, large office has the most demand among all the sixteen
buildings, then PEC saving percentage for that is lower as it has more primary energy consumption
through the year. Small office is the higher PEC saver. Even though that annual PEC saving for
hospital is among the highest, but its percentage saving is the lowest.
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Figure 3.6

Annual PEC savings percentage for all buildings.

Annual CDE savings in tons and percentage for all buildings are available in Figure 3.7
and Figure 3.8 respectively. For buildings like the large office and hospital with higher electricity
demands even though that actual CDE savings are much higher compared with other buildings but
as their demands are high the CDE savings percentage is lower than buildings with lower demands.
The small office with an ORC-EES system generates lower amounts of CDE and better result with
installing system for that, is achievable, as the building demand is not high, also, supplying the
10% of the building requirements by ORC-EES, results in more CDE saving percentage. The
differences of CDE saving percentage for buildings are small. It varies between 10.08% for
hospital to 10.50% for small office.
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Figure 3.7

Annual CDE savings for all buildings.

Cost savings percentages for the buildings are plotted in Figure 3.9. The same pattern for
cost savings percentage as CDE savings percentage is observed. The small office is the building
with higher cost saving percentage and hospital has the lower saving percentage as it has higher
nightly demand and the EES-ORC supplies only 10% of its requirement. For the building with
lower annual nightly electricity demand, the cost savings percentage is higher as the model can
provide the bigger portion of the building demand, and for buildings like hospital with high nightly
demand the model can save less savings.
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Figure 3.8

Annual CDE savings percentage for all buildings.

Figure 3.9

Annual cost savings percentage for all buildings.
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3.3.2

Scenario 2
For the results presented in this section, it was assumed that the number of solar collectors

for each building was selected so that, the battery would discharge completely at the end of each
day. Therefore, this strategy is demand based. This assumption prevents the system from storing
extra electricity, especially during summertime when the solar irradiation is higher. Table 3.4
shows the number of solar collectors, the electricity supplied by the EES system, and the electricity
supplied by the grid. Large office, secondary school, and large hotel are the three buildings with
larger solar collector area requirements.
Table 3.4

Solar collector quantity, EES and Grid supply.
EES supply
(MWh)

Grid supply
(MWh)

Solar collector quantity
demand base

Large office

815.18

6743.83

852

Full-service restaurant

76.79

290.23

80

Hospital

152.64

7049.75

160

Large hotel

287.57

1863.77

300

Medium office

115.96

688.68

121

Midrise apartment

28.70

278.63

30

Outpatient health care

95.50

1391.76

100

Primary school

122.60

962.26

128

Quick-service restaurant

37.41

179.23
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Secondary school

298.66

2904.24

312

Small hotel

133.48

554.13

139

Small office

14.40

67.69

15

Stand–alone retail

24.80

380.32

26

Strip mall

29.59

320.32

31

Supermarket

185.46

1639.38

194

Warehouse

30.71

269.73

32

Building types
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Figure 3.10 shows the monthly PEC savings for all sixteen buildings for this model. PEC
savings for a large office in June reaches to 200 MWh. It is also seen that the large office’s PEC
savings in winter is even higher than other buildings in summer. The secondary school and large
hotel are the next two buildings with higher savings.

Figure 3.10

Monthly PEC savings for all buildings.

Figure 3.11 presents PEC savings for June, which is the highest amount of monthly PEC
savings through the year for all building types. It varied between 200.19 MWh for large office and
3.53 MWh for small office.
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Figure 3.11

PEC savings for all building in June.

In Figure 3.12 monthly PEC savings percentage for all evaluated buildings are plotted. The
full-service restaurant is the building with the highest percentage saving. For some buildings like
the small office, midrise apartment, secondary school, and warehouse, the maximum amount of
savings happens in April but for quick-service restaurant, supermarket, and full-service restaurant
it is in June. Saving percentage depends on both availability of irradiation and building demand at
the same time. Although the maximum electricity production is higher during the early summer,
the PEC saving percentage is lower. This is because of the higher electricity demand in those
months.
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Figure 3.12

Monthly PEC savings percentage for all buildings.

Monthly CDE savings percentages for the modeled buildings are available in Figure 3.13.
The full-service restaurant, small hotel, small office, and quick service restaurant are the buildings
with the most CDE savings based on their amount of electricity demand. The hospital is the
building with minimum savings for all months through the year. The hospital nightly electric
demand is high and as daily full discharge was considered, with considered solar collector quantity
and EES battery size, the battery cannot support building demand and the percentage of the PEC
and CDE savings are much lower than all other evaluated buildings.
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Figure 3.13

Monthly CDE savings percentage for all buildings.

EES size and building demand percentage supplied by ORC-EES for this operating strategy
are presented in Table 3.5. Battery capacity is calculated based on the nightly electricity
requirement of each building with the fully discharged everyday restriction. The large office needs
the biggest battery size, and small office needs the smallest. However, the small office has the third
highest supply percentage among all buildings after full-service restaurant and small hotel. The
full-service restaurant with 20.92% and the hospital with 2.12 % supply percentage are the highest
and lowest percentages that the presented model can supply the buildings, respectively. Even
though the model can supply a full-service restaurant the most, its battery size is much smaller
compared with some of the other buildings.
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Table 3.5

EES size and ORC-EES supply portion for each building type.
EES Size (kWh)

Building demand percentage that
supply by ORC-EES (%)

Large office

3925.9

10.78

Secondary school

1437.7

9.32

Large hotel

1382.4

13.37

Full-service restaurant

897.7

20.92

Supermarket

893.9

10.16

Medium office

887.4

14.41

Hospital

737.3

2.12

Small hotel

641.3

19.41

Primary school

589.8

11.30

Outpatient

460.8

6.42

Quick-service restaurant

188.2

17.27

Warehouse

151.5

10.22

Strip mall

149.3

8.46

Midrise apartment

138.2

9.34

Stand-alone retail

127.0

6.12

Small office

79.6

17.54

Building types

Annual PEC savings percentages for this approach are plotted in Figure 3.14. The savings
percentages for the full-service restaurant and small hotel are the highest for all months through
the year. The third building in summertime is a quick service restaurant and in other times of the
year it is a small office. The hospital, standalone retail, and outpatient are the buildings with lowest
savings percentages. The hospital by far has the least percentage savings in all months as its nightly
demand is high. The standalone retail in summertime has the minimum percentage savings as its
electricity usage is higher in summer and although the amount of electricity generated in the
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summer is higher, but it still cannot support the building’s demand and PEC saving percentage
decreased.

Figure 3.14

Annual PEC savings percentage for all buildings.

Annual CDE percentage savings are available in Figure 3.15. When the amount of
electricity stored is much less than the nightly electric demand, the building is primarily using
electricity from the grid which reduces CDE savings. An example of this is the hospital building.
The full-service restaurant, small hotel and small office have the highest CDE saving percentages
models through the year.
Figure 3.16 shows cost saving percentage for modeled system for each building category.
Cost savings for the full-service restaurant and hospital are $7456.12/year and $14820.92/year,
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respectively. As can be seen, the hospital with higher electricity demand has a lower saving
percentage.

Figure 3.15

Annual CDE savings percentage for all buildings.
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Figure 3.16

Annual cost savings percentage for all buildings.

To compare the effectivity of the installation the system for each building, the ORC- EES
supply percentage was calculated based on the electricity that discharges from the battery to the
building electricity requirement. Results are plotted in Figure 3.17. The model for a hospital with
battery fully discharging each day shows the minimum supply percentage. The full-service
restaurant, small hotel, and small office perform well with the evaluated operational strategy.
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Figure 3.17

3.4

ORC-EES portion supply to the buildings with fully battery discharge every day.

Conclusion
In this chapter the ORC-EES system was developed for sixteen commercial reference

buildings in Phoenix, AZ. Two operational strategies were considered. First the model with 10%
supplied of building’s requirement electricity from ORC-EES was developed. In this case a large
office with 800 solar collectors, a hospital with 750 solar collectors and a secondary school with
340 solar collectors were the buildings that system supplied them the most. Also, the maximum
PEC savings for these buildings was achievable. The maximum PEC savings occurred in June.
There were consistent monthly PEC saving pattern for all buildings. Savings increased from
January to June, reduced for July and August, again increased for September, and finally decreased
to the end year. The maximum PEC savings 9.3% for Warehouse in April was achieved. Results
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showed the higher CDE savings for a large office and hospital. The maximum savings occurred in
June. A small office showed less CDE savings.
The battery size that is required to store the generated electricity for a large office, a
hospital and a stand-alone retail were the biggest respectively and small office needed the smallest
battery. Annual PEC and CDE savings showed higher savings for building with higher demand,
but PEC and CDE percentage savings for those building was lower. PEC savings percentage for a
small office was the highest.
In second scenario, the model with full battery discharge by the end of each day was
considered. The large office, secondary school and large hotel were the buildings with biggest
solar collector areas. The large office PEC savings in June reached to 200 MWh, and it showed
higher savings even in winter than other buildings. The minimum PEC savings was 3.5 MWh for
small office.
Monthly PEC percentage savings was the highest for a full-service restaurant. The fullservice restaurant, small hotel and small office showed the most CDE savings, and hospital had
the lowest as it has a high nightly demand and with the fully discharged consideration, the
considered solar collector quantity and battery cannot support the building’s electricity
requirement.
The large office and small office needed the biggest and smallest battery size, respectively.
The EES supply percentage for a full-service restaurant with 21% was the highest and for a hospital
with 2.2% was the lowest, among all the investigated buildings.
A full-service restaurant with 80 solar collectors and 897.7 kWh EES battery size, 14%
annual PEC saving, 21% CDE saving and cost saving was the building with the best performance
based on the fully discharge scenario.
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CHAPTER IV
EXPANDER EFFICIENCY EFFECT ON THE PERFORMANCE OF ORC-EES SYSTEM

4.1

Introduction
In previous chapters, the expander efficiency was assumed constant to simplify the model.

However, this efficiency is not constant during actual operation since it changes with the load of
the expander. Therefore, it is more accurate to consider a time-dependent efficiency in the model.
To investigate the effect of the expander efficiency on the system performance, the load-variable
isentropic expander efficiency curve developed by Wang et al. [45] was used. In their work, they
defined the isentropic efficiency of the expander by multiplying the isentropic efficiency at design
condition with two correction factors. One of those factors was related to isentropic enthalpy drop
when the system operates under a partial load condition. The other factor was associated with the
mass flow rate variation. This aforementioned curve was the basis of the modeling presented in
this chapter.
4.2

System Model
To investigate the effect of variable expander efficiency, a full-service restaurant located

in Phoenix, AZ was selected. This building, as shown in Chapter III, has the maximum PEC, CDE
and cost savings among the buildings that were evaluated based on the daily EES battery
discharging strategy with a battery was sized to meet that criteria. Figure 4.1 illustrates the
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expander efficiency curve versus different working load percentage which was adopted from [45].
The expander capacity used by Wang et al. [45] under the full load condition was 100 kWh. The
expander capacity requirement for presented model is about 36 kWh. Even though the sizes (of
the expander) may be different, the curve fitting equation can be used to estimate the effect of the
real expander operation on the ORC system.

Figure 4.1

Expander efficiency curve for different workload condition.

A third-degree polynomial equation was fitted over the data presented in [46]. This
correlation, shown below, has the R2 value of 0.998.
𝜂𝑒𝑥 = 7.906319 × 10−4 𝑤𝑐 3 − 2.141055 × 10−2 𝑤𝑐 2 + 2.132563 × 10−1 𝑤𝑐
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(4.1)

Where 𝑤𝑐 is the working condition percentage and was calculated by dividing the hourly heat
input to the maximum hourly heat during the year for the expander. The hourly expander efficiency
was then calculated using Eq. (4.1). This efficiency is then used to find the actual exit enthalpy in
the expander.

ℎ4 = ℎ3 − 𝜂𝑒𝑥 × (ℎ3 − ℎ4𝑠 )

(4.2)

Finally, the actual expander work was calculated as:
𝑤𝑒𝑥 = 𝑚̇ × (ℎ3 − ℎ4 )

(4.3)

The expander output was used to obtain the new system performance, and the results were
compared with the results for fixed efficiency.
4.3

Results and Discussion
The required electricity versus the total irradiation was plotted for three different days.

Figure 4.4 shows January 1st, Figure 4.3 shows April 21st and Figure 4.4 presents June 11th for the
full-service restaurant. As can be seen in the figure, the electricity requirement and irradiation are
different for the selected days, while the maximum irradiation in January 1st, April 21st, and June
11th is about 1 kW/m2, 1.15 kW/m2 and 1.18 kW/m2, respectively. Meanwhile the maximum
electricity demand for January, April, and June is 46 kWh, 61 kWh and 76 kWh, respectively.
Since the evaluated building is a full-service restaurant, an increasing demand is observed during
lunch time. Also, this building operates until midnight, so electricity demand still exists after
irradiation is no longer available.
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A comparison between the results of the model with fixed efficiency and the system that
performed with variable efficiency was done. The expander efficiency varied from 1% to 78% at
different times of the day. To prevent the system from working at low efficiencies, a lower limit
of 20% expander efficiency was implemented in the modeling.

Figure 4.2

Electricity versus total irradiation for January 1st for full-service restaurant in
Phoenix, AZ.
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Figure 4.3

Electricity versus total irradiation for April 21st for full-service restaurant in
Phoenix, AZ.

Figure 4.4

Electricity versus total irradiation for June 11th for full-service restaurant in
Phoenix, AZ.
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Figure 4.5 shows the monthly PEC savings percentage for two cases. The results indicate
that the PEC savings percentage were reduced when considering variable efficiency during the
system operation. The maximum difference was observed for the month of December (2%) while
the minimum was observed for the month of May (0.6%). The PEC saving percentages varied
from 16% in May to 8.6% in December. On average, the PEC savings were reduced by 1.6%.
Monthly CDE savings percentage for both cases are plotted in Figure 4.6. When using variable
expander efficiency, CDE savings percentage was decreased. For the months of March and
December, the maximum difference (2.9%) was shown, while the minimum difference was for
May (1%). The CDE saving percentages varied between 12.8 % in December to 23.8 % in May.
The CDE savings decreased by 2.4% on average.

Figure 4.5

Monthly PEC Savings percentage for full-service restaurant.
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Figure 4.6

Monthly CDE Savings percentage for full-service restaurant.

The cost savings percentage plot follows the same pattern as CDE savings as mentioned in
previous chapters. Figure 4.7 showed cost savings percentage differences with fixed efficiency and
variable efficiency. Phoenix is located in a hot dry climate zone, and the results verified that higher
PEC, CDE and cost savings during summertime than winter months were achievable.

Figure 4.7

Monthly cost savings percentage for full-service restaurant.
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In the following figures, the monthly PEC savings in kWh, monthly CDE savings in kg
and monthly cost savings in $ are presented. Figure 4.8 shows that the monthly PEC savings are
lower than the monthly PEC savings for a fixed expander efficiency. The minimum PEC savings
is 6761.7 kWh in December while the maximum is 16960.9 kWh in June for the model. As
described before, the maximum discrepancy was observed in August (2117.8 kWh) and the
minimum in May (646.3 kWh). The total annual PEC savings for the case with variable efficiency
was (140.3 MWh), which was 11% lower than the yearly savings for the case assuming fixed
efficiency.
In Figure 4.9 a minimum CDE savings of 1553.78 kg in December and maximum savings
3897.45 kg in June were visible. The maximum difference of 370.5 kg for the month of March and
December and minimum of 148.5 kg for the May were observed. The annual CDE savings for the
variable efficiency case was 32.2 tons.
Figure 4.10 showed cost savings for two approaches. Cost savings ranged from $318.7 in
December to $799.5 in June. The annual cost savings for variable efficiency model was $6612.
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Figure 4.8

Monthly PEC saving for full-service restaurant.

Figure 4.9

Monthly CDE savings for full-service restaurant.
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Figure 4.10

Monthly cost savings ($) for full-service restaurant.

Battery size, ORC-EES supply percentage to the building demand, and net work of the
system are reported in Table 4.1 for fixed and variable expander efficiencies. The net-work in
kWh/year is 15% lower for the case with variable efficiency. Therefore, the system only supplies
18.6% of the building demand as opposed to the 21% for the case with fixed efficiency. Since a
lower work was generated by the expander in the variable efficiency case, a smaller EES size was
required to store the generated electricity. (The EES size is almost half of the size with fixed
efficiency.)
Table 4.1

System outcomes comparison

Full-service restaurant

Fixed Efficiency

Variable Efficiency

EES Size (kWh)

897.72

466.89

Building demand that supply by ORC-EES (%)

20.92

18.55

81512.3

69672.6

Net-work (kWh)
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4.4

Conclusion
In this chapter the full-service restaurant building which benefited the most by installing

the ORC-EES model, based on the daily fully discharged battery strategy, in Phoenix, AZ, was
chosen to study. A model was developed assuming a variable expander efficiency. A comparison
between the results of the model with fixed efficiency and the system that performed with variable
efficiency was performed. The modeled ORC system generated electricity as long as the sufficient
irradiation was available including early morning and late afternoon. During the time that
irradiation is too low (i.e., early morning and late afternoon) the system can still operate while the
efficiency reduces significantly (i.e., < 20%). Thus, a cutoff criterion is applied to the model to
prevent system from working when the expander efficiency falls below 20%. Monthly PEC, CDE
and cost savings were compared between the fixed expander efficiency and variable expander
efficiency models.
The maximum PEC savings difference was observed for the month of December (2%)
while the minimum was observed for the month of May (0.6%). On average, the PEC savings were
reduced by 1.6%. Minimum and maximum PEC savings occur in December and June, respectively.
CDE savings showed the maximum difference (2.9%) for the months of March and December,
while the minimum difference was for May (1%). The CDE savings decreased by 2.4% averagely.
Minimum CDE saving in December and maximum CDE saving in May were observed. Annual
PEC savings, CDE savings and cost savings was reduced by 11% for the model compared with
fixed efficiency study. An annual PEC saving of 140.3 MWh, CDE savings of 32.2 tons and $6612
cost savings were achievable.
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CHAPTER V
CONCLUSION AND FUTURE WORKS

In this study a solar-powered Organic Rankine Cycle (ORC) combined with the Electric
Energy Storage (EES) system was developed to provide electricity for a large office building in
eight different locations in the U.S. R-236ea was the working fluid and AE40 series solar collectors
were utilized. During the day and when there is sufficient irradiation the EES system was being
charged. Otherwise, the EES system was used to supply the building electricity demand until it is
completely discharged. Results showed that with increasing the evaporator pressure, the solar ORC
net work increased, and mass flow rate decreased. Considerable annual PEC, CDE and cost savings
were achieved for all evaluated locations. Among those locations, Phoenix and Baltimore showed
the highest and lowest savings, respectively. The battery was sized so that, it could store the
maximum daily electricity generation during the year. Therefore, battery size varied by location.
In Los-Angeles and Miami the battery size was smaller than Reno and Phoenix. The system
provided more benefits from April to August. The PEC, CDE and cost saving also showed a direct
relation with the number of collectors.
Phoenix, as a location with more benefits from ORC-EES, was chosen to develop the
model for all sixteen commercial reference buildings. To investigate the performance of the model,
two strategies were considered. In the first scenario, the model was developed so that it supplied
10% of each building’s electricity demand. In this case, a large office with 800 solar collectors, a
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hospital with 750 solar collectors and a secondary school with 340 solar collectors received more
energy from the ORC-EES system. In addition, these three buildings had the maximum PEC
savings which occurred in June. There were consistent monthly PEC savings patterns for all
buildings. Saving increased from January to June, reduced for July and August, again increased
for September, and finally decreased to the end of the year. The maximum PEC savings of 9.3%
occurred for a warehouse in April. The results also showed higher CDE savings for a large office
and a hospital in June. A small office showed less CDE savings. The large office, hospital and
stand-alone retail buildings required a bigger battery size respectively while the small office
needed a smaller one. Annual PEC and CDE savings showed higher savings for buildings with
higher demand, but PEC and CDE percentage savings for those buildings were lower. PEC
percentage savings for a small office was the highest.
In the second scenario, the modeling was performed contingent that the battery is
completely discharge by the end of each day. It was shown that the large office, secondary school
and large hotel required larger solar collector areas than the other evaluated buildings. The large
office PEC savings in June reached 200 MWh. The large office also showed higher PEC savings
in winter compare with other buildings in summer. The minimum PEC savings was 3.5 MWh for
small office. The monthly PEC percentage savings was highest for a full-service restaurant. The
full-service restaurant, small hotel and small office showed the most CDE savings while the
hospital had the lowest CDE savings due to its high nightly demand. The large office and small
office needed the biggest and smallest battery size, respectively. The EES supply percentage for a
full-service restaurant with 21% was the highest and for a hospital with 2.2% was the lowest,
among all the investigated buildings. A full-service restaurant with 80 solar collectors and EES
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battery size of 897.7 kWh was chosen as the building candidate with the best performance. Its
annual PEC savings was 14% and both CDE savings and cost savings were 21%.
Finally, the full-service restaurant building selected to study the effects of variable
expander efficiency on system performance. A comparison between the results of the model with
fixed efficiency and the system with variable efficiency was performed. Monthly PEC, CDE and
cost savings were compared. The maximum PEC savings difference was observed for the month
of December (2%) while the minimum was observed for the month of May (0.6%). On average,
the PEC savings were reduced by 1.6%. CDE savings showed the maximum difference (2.9%) for
the months of March and December, while the minimum difference was for May (1%). Minimum
and maximum CDE savings occurred in December and June, respectively. Annual CDE savings
was reduced by 11% for the model compared with the fixed efficiency study. An annual PEC
savings of 140.3 MWh, CDE savings of 32.2 tons and $6,612 cost savings with variable efficiency
strategy were achievable.
For future work, it is recommended to study the effect of government incentive policies on
the system operation and cost. The investigation on available capital cost for a desired payback
period in different climate zones is also recommended.
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